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The following symbols are used in this paper: 20 been observed in releases from combined sewer overflows during intense rainfall events. This 32 phenomenon has been termed a first foul flush (Gupta and Saul 1996) The first-flush phenomenon 33 (Obermann et al. 2009 ) is often observed in regions with a semi-arid climate, such as in Mediterranean 34 catchments which are characterized by dry-weather periods followed by intense storm events. The 35 high variability of the flow regime of the rivers in these regions are also strongly dependent on the 36 seasonal rainfall, this can result in a quite limited dilution capacity of the natural receiving waters (Pratand Munné 2000) thus, in areas of water scarcity, first flush can cause a very significant impact. In the 38
Mediterranean region where the case study catchment is based, it is therefore important to achieve 39 reliable predictions of sediment and pollutants loads that can reach the receiving waters through 40 combined sewer overflows (CSOs) during intense rainfall events. An improved prediction of sediment 41 loads could allow for action to better manage pollutants that are released and are known to generate 42 high oxygen demand in receiving waters. Most sediment transport research has been focussed on 43 sediment movement in rivers. The findings resulted in predictive relationships, empirically calibrated, 44
and developed from observations of the movement of mainly granular sediments. The application of 45 existing granular based fluvial transport models, such as Ackers (1984 Ackers ( , 1991 and May (1993) In this study field data is used to test this type of deposit erosion to assess its utility for modelling 66 sediment releases from sewer system overflows during intense rainfall events. 67
The determination of shear stress at the threshold of motion ( c) exerted on the sediment bed surface is 68 crucial in the evaluation of the release of sediments from layered deposits, however, this threshold is 69 difficult to determine in-situ. found in sewer networks. The main aim of this paper was to examine the suspended sediment load 77 evolution that can be discharged into natural watercourses from CSOs activated during intense rain 78 events. The accurate estimation of the sediment discharge pattern will help in quantifying the impact 79 of CSOs on receiving waters. With this aim, the study had the following objectives: to evaluate the 80 process of mobilization from in-sewer sediment deposits, and to validate Skipworth's deposit 81 relationship in a particular catchment under realistic rainfall conditions. 82 To achieve these objectives the empirical deposit and transport parameters were estimated based on 83 laboratory observations. The performed tests allowed the analysis of the erosion behaviour of highly-84 organic sediment sampled from a real sewer network. Previous investigations on the erodibility of 85 highly organic sediment (Seco et al. 2014a ) provided key knowledge on the properties of sediment 86 recovered from the same combined sewer system. The experimental and analytical procedures were 87 modified based on the results obtained in the earlier study. Controlled environmental temperature 88 conditions were now established. An intermediate Dry-Weather Period (DWP) between the formerly 89 established 16 and 64 hours was also implemented to obtain a deeper comprehension on the processthis work allow for the assessment of the calibration parameters involved in the deposit-erosion model 92
proposed by Skipworth et al. (1999) .The use of real sewer sediments for the determination of the 93 transport parameters allowed for the verification of the application of the Skipworth in-pipe deposit 94 model at a network scale. 95
96
METHODS
97
Study site location and description
98
The field study site is situated in the south-east of Spain, in the city of Granollers (35 km north of 99 Barcelona, Spain). The local rainfall pattern is irregularly distributed throughout the year and 100 characterised by dry-weather periods often longer than a week followed by single storm events. A 101 small urban catchment in Granollers was selected for the study, covering an area of approximately 10 102 hectares (Fig. 1) . The land use is mainly residential and commercial, with a high population density of 103 150 inh/ha. The area has a significant presence of commercial food activity. The catchment surface 104 displays a high degree of imperviousness that reaches almost 100% in some zones, with an average 105 imperviousness of 84% over the whole catchment. Given the highly impervious conditions of the 106 catchment, and the limited existence of soil areas, inorganic sediments are a minor contribution during 107 storm runoff (Gómez-Valentín et al. 2015) . 108
The urban area has a gravity driven combined sewer system composed of circular concrete pipes with 109 diameters ranging from 300 to 1000 mm. General characteristics of the catchment and the combined 110 sewer network are given in Table 1 . 111
Hydrological, hydraulic and water quality monitoring 112 Flow rates, water quality data and rainfall data were collected during storm events. The purpose of the 113 monitoring programme was to obtain field data to validate the reported modelling work. The layout 114 and the operation of the case study sewer network is similar to that of many other combined systems 115 throughout Europe and the eastern coast of the USA. The results of the study are therefore expected tobe widely applicable. The monitoring programme was carried out over an 18-month period. The 117 events of interest were selected based on two threshold conditions: a rainfall depth which will produce 118 enough runoff to increase water depths and velocities in the sewer network and also have sufficient 119 flow to produce a measurable resuspension of sediments previously deposited inside the network, and 120 an antecedent DWP sufficient to produce enough sediment accumulation for the detection of 121 increasing pollutant loads at the outlet of the analysed catchment. Precipitation depth of 5mm and 122 antecedent DWP of the order of several days were established as thresholds. Events that experienced 123 major disruptions during flow recording or water quality sampling were discarded. After pre-124 processing, four rainfall events satisfying these conditions remained; see events 1 to 4 in Table 2 . For 125 these events, physical samples for water quality analysis were collected at the outlet of the catchment 126 simultaneously with rainfall data and flow data. Two additional events where no satisfactory water 127 quality data were recorded (events 5 and 6 in Table 2 ) were used to calibrate the network 128 hydrodynamic model. high speed pump taking in 1000 ml in 2 minutes through a tube with a strainer at the end, followed by 134 a cleaning cycle that takes another 2 minutes. An increase in flowrate compared to the dry weather 135 flow pattern triggered the collection of water quality samples. Due to the high imperviousness of the 136 catchment, it was expected that the runoff rapidly releases and washes off sediments from the surface 137 and erodes them from inside the network. The highest sampling frequency was therefore set at 5 138 minutes for the first 15 minutes of a rainfall event and then less frequently for a total of 2 hours. 139
Following the trigger at t=0, samples were taken at: 0, 5, 10, 15, 30, 45, 60, 90, 120 minutes. The 140 established sampling frequency was intended to focus on the beginning of a storm event in order to 141
analyse the occurrence of a first flush pollutant phenomenon. 142
Deposited sediment characteristics and behaviour
Sediment deposit sampling and analysis 145
A batch of 3 kg of in-sewer sediment was manually collected, directly from the invert of a 600 mm 146 pipe with 0.002 m/m slope upstream of a diameter reduction (from 600m to 400 mm). According to 147 the local operators, sediments deposit formations were typically observed in this section after 148 prolonged dry-periods. The collection was conducted during dry-weather flows when the water depth 149 was less than 5 cm. The deposited sediments were collected manually, immediately refrigerated at 4 150 ºC and then transported within 48 hours to Sheffield in UK, where the analysis and erosion tests were 151 performed. Upon arrival in Sheffield the sediment temperature was found to be 4.7 ºC, after which the 152 sediments were immediately stored in a refrigerator at 4 ºC. Despite the destruction in the layer 153 structure of the deposit during collection, no alterations were believed to have taken place in the 154 physical characteristics of the sediments, while biological activity and microbiological decomposition 155 of the sediment samples were inhibited by the low temperatures during the storage and transport 156 procedures. Thus, for physical characterization the collected sediment were considered representative 157 of the deposit formed in the invert of the original sewer pipe during dry-weather periods. 158
Analysis and sediment preservation follows the Standard Methods for the Examination of Water and 159
Wastewater (APHA et al. 2005) . A summary of the sediment characteristics is shown in Table 3 . 160
The sediments were characterized for organic content, which is defined as the proportion between the 161 volatile solids (VS) and the total dry mass of sediments (TS) (section 2540E, Standard Method). The eroded material and resultant erosion rate was calculated from the measured suspended sediment 208 (SS) concentration of the collected samples. These data are reported below and were used in the 209 calibration of the erosion model described below. 210
211
Modelling sediment transport in a field study catchment 212
Hydrodynamic modelling 213
The SWMM5 (Storm Water Management Model) software package was selected for the rainfall-runoff 214 and hydrodynamic modelling through the combined sewer system in the study case. The hydrological 215 model ( Fig. 1) is defined based on a sub-catchment delineation established from topographic data of 216 the catchment drainage areas and of the combined sewer network complemented by in-situ 217 observations to complete information about impervious-pervious surfaces and their drainage 218 characteristics. The hydrodynamic network model is directly related to the sewer network system 219 information provided by the local sewerage company; it comprises 57 pipes and manholes, and 42 220 sub-catchments in a 10 hectare area. Flow measurements were performed at the outlet of the studiedA calibration and validation process of the hydrodynamic model was performed by comparing 223 simulated with measured flow rates during several rainfall events. Model calibration was carried out 224 using rainfall events 5 and 6 (Table 2) . Subsequently, the model was validated by applying 225 independent data sets corresponding to events 2 and 3. The relative errors of total runoff volume range 226 from 1 % to 10 % for the analysed events, which are indicated in Table 4 . The relative error of peak 227 flow is between 2 % and 10 % and the difference in the elapsed time to reach the peak flow range 228 from 2 to 8 minutes. The goodness of fit obtained can be observed in Fig. 3 and Table 4 . 
Where d is the cumulative depth of erosion, d' represents the thickness of the upper layer (Fig. 4) 
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. 100 regression analysis a series of best fit trend functions were obtained (Fig. 6) . 284
Assessment of parameters cs , cu, d''and d' 285
At the end of each time step during the erosion test, the mass of sediment obtained from the SS sample 286 concentration can be translated to a sediment erosion depth (de), and so it is possible to link the deposit 287
properties to the applied shear stress ( b). The bulk density of the bed formed by collected sewer 288 organic-cohesive sediment is of 1310 kg/m 3 (± 146 kg/m 3 ). Sediment bed density was assumed to 289 remain constant during the test since the duration of the erosion test is relatively short compared to anyconsolidation processes that can produce significant changes in density of the deposit structure due to 291 excess pore water effects. 292
The applied shear stress against the depth of erosion is shown in Fig. 7 . 293
During the antecedent DWP simulated in the tests, the erosion meter was set to exert DW=0.15 N/m 2 294 on the sediment bed. This DW value was estimated by examination of the bed shear stress value at the 295 outlet pipe predicted during DWF in the case study network. . 1
Following the profile of sediment resistance against erosion shown in Fig. 4 , the value of cu would be 306 obtained when the resistance strength becomes uniform with depth. The experimental tests, however, 307 did not achieve a completely uniform resistance against erosion. Therefore, the thickness of the upper 308 layer of sediments (d') is estimated by assuming that a gradient of 0.03 ( b/ d) practically marks the 309 transition between the upper layer (d') and the lower more uniform layer. Fig. 8 (a) shows the values 310 of d' and cu estimated from the erosion tests performed after different consolidation periods, a dot 311 marks the estimated transition point below which the cu is assumed to be sensibly constant. In Fig. 8a,  312 the errors in the assessment of the sediment depth of erosion (± 6 mm) and the accuracy of the applied 313 shear stress (± 0.07 N/m 2 after, Seco et al. 2014a) are indicated by shaded error bands. From this plot it 314 can be observed that after 24 hours of consolidation, the increase in the resistance against erosion of 315 the sediment bed is not significant.
Determination of the values adopted by the model parameters b and M 317
In order to apply Eq. 1 and Eq. 2, the values of the parameters M and b need to be determined. An 318 optimization for calibration parameters b and M is therefore performed by comparing the calculated 319 erosion rate Ec against measured erosion rate Em, given the applied shear stress b. This optimization 320 was carried out by varying both parameters at the same time, in order to obtain a minimum value for 321 the root mean square error RMSE (Eq. (7)). 322
The ranges in which the values of the parameters b and M were varied during the optimization were 323 initially assumed to be those determined by Skipworth and Rushforth and presented in Table 5 . 324
However, this did not lead to a minimum, hence the range of variation for the b-parameter was 325 increased to 0.025 and 1 (with increments of 0.025), and for the M-parameter varying from 0.05 and 2 326 (with increments of 0.05). 327
The optimization results produced a narrow range of values for b (Fig. 9 a) where the mean value 328 obtained is b = 0.125 (SD = 0.071). Regarding the value of the parameter M, the variation is wider 329 (Fig. 9 b) . However, a relationship between the value adopted by the M-parameter and the applied 330 shear stress for each test could be observed, and this trend changes with the length of the DWP 331 analysed. Thus, it can be suggested that a weak relation exists between the duration of the 332 consolidation period and the parameter M (coefficient of proportionality between 0.51 and 0.74). The 333 optimised values for b and new ranges found for M and the other parameters involved in the 334 calculation or erosion rate are included in Table 5 . 335 Fig. 10 (a) .
Less than 8 % of variation in sediment concentration peak and around 10 % in sediment mass 367 mobilized was simulated, compared to simulation results obtained with p = 0.20. 368
The effects of changes in the sediment bulk density in the assessed range of variation for the local 369 sediments (1066 -1458 kg/m 3 ; average 1310 kg/m 3 ) were also verified ( Fig. 10 (b) ). For event ID 2 370 shown as an example, variation from values calculated with the average sediment bulk density were 371 found between 1.5 to 6.4% regarding maximum sediment concentration, and between 9.4 and 16% 372 regarding total mass of sediment mobilized. 373
The greatest influence on the sediment transport loads is exerted by the hydraulic conditions. The 374 remobilization of sediments is directly related to the hydraulics that determined the boundary shear 375 stress values. 376
Model results and performance 377
The performance of the coupled SWMM5 and the calibrated Skipworth model (Fig. 5) was tested by 378 comparing measured versus modelled sediment peak concentrations and calculating NSE (Eq. 5). 379
Performance of the sediment transport model was analysed in the periods for which SS concentration 380 was measured and the obtained values are shown in Table 6 . 381
Unfortunately, the total mass of sediment could not be considered for testing model performance 382 because of the adopted sampling strategy, addressed mainly to collect the first flush by including a 383 sampling collection for a total of 120 minutes which in most cases covered the first part of the rainfall 384 event duration. 385 Fig. 11 shows the sediment transport loads evolution assessed by the proposed model which is based 386 on the relationship of Skipworth with calibrated parameters. The SS concentration values obtained 387 were represented as an average value over the pumping interval (pumping-cleaning cycle in sample 388 collection). 389
During the rain event 1 (Fig. 11 a) , the first phase of runoff arriving to the outlet of the catchment 390 generates an increase in water depth that was lower than the threshold water depth established for the 391 start of the operation of the automatic sampling collection. Thus, the first SS peak that can be observedin the modelling results (Fig. 11a) were not covered by the measured SS data. Collected SS 393 concentration data corresponds instead with a second simulated peak when greater flow rates triggered 394 the collection of samples. It can be observed that there is a slight delay (6 minutes) between the 395 sediment concentration peak time measured and simulated during the event. It can be hypothesised 396 that this could be due to the 4 minutes delay between observed and measured peak flow. The 4 397 minutes delay observed at Fig. 11 (b) between simulated and measured CSS for the event 2 might also 398 be linked with delays in the hydrodynamic results (8 minutes delay between observed and measured 399 peak flow from Table 4) . 400
Both the NSE values and visual analysis of the pollutographs (Fig. 10 ) indicated a good fit between 401 simulated and observed data for events 1 and 2, a reasonable fit for event 3 and a poor fit for event 4. 402
Lower total precipitation and lower rainfall intensity for the event 4 might influence the predicted 403 results since the lower shear stresses generated in the SWMM model are very close to the anticipated 404 surface threshold shear stress of the water sediment interface. 405 Fig. 12 shows that for the events 1 and 2 the applied bed shear stress ( b) observed at the outlet of the 406 analysed sewer system reaches values higher than the critical value of the deeper layer ( cu). 407
Meanwhile much lower values of applied shear stress are observed for the events 3 and 4. In these 408 events the shear stress does not even reach the level at which the superficial layer (d') is fully eroded. 409
This indicated that for rainfall events in which the shear stress is low and for thin surface layers in 410 which the shear stress threshold changes quickly, such calibrated models struggle to accurately 411 simulate erosion rates. 412
413
CONCLUSIONS
414
Transport parameters assessment 415
Based on the laboratory findings for the highly organic sewer sediments collected in this study, it can 416 be confirmed that the critical shear stress values can be linked to the sediment bed depth, and hencethe values of the parameters d', cs, cu, b and M, depend on the characteristics of the sediment and on 418 the structure of the in-pipe deposit. 419
From the analysis of the results obtained regarding the performance of the parameters it can be 420 suggested that the variation of the parameter M might be dependent on other sediment characteristics, 421 such as the median particle size (d50) of the eroded sediments. The range of values adopted by b and M 422 might be also dependent on the density of the sediment eroded. 423
The sediment erosion and transport model performed well for three out of four rainfall events for 424 which flow and suspended sediment data were collected in the case study catchment. It predicted the 425 peak SS concentrations in these events with a Nash-Sutcliffe efficiency ranging from 0.73 to 0.85. 426
However, it needs to be stressed that the collection of the sewer sediment samples for the laboratory 427 analysis is practically difficult and assumptions had to be made in the design of the consolidation 428 The results from erosion tests also suggested that the behaviour of newly-deposited surficial sediments 447 subject to dynamic consolidation for up to around 24 hours show an increasing resistance against 448 erosion, and when the period of consolidation exceeds the 24 hours; any further increase in resistance 449 becomes insignificant (Fig. 8) . Following the analysis of the simulation results it can be observed that the rapid change in SS 465 concentrations is due to the quick response of the system influenced by a high level of imperviousness 466 in the catchment as well as the pattern of rainfall. It was concluded that reducing the sampling 467 frequency at the beginning of the event is desirable so as to be able to capture with more detail the 468 highly variable start of the pollutograph. Sampling interval adjustments will depend on the catchment 469 characteristics and concentration time on the case study. As an alternative, the on-line probes that canmake indirect measurements of the SS concentration could be used to obtain data with a higher 471 temporal resolution. The locally calibrated data can then be directly compared with the temporal 472 pattern of the SS concentration prediction. 473
Improved first flush prediction is required to better manage the pollution events on receiving natural 474 watercourse pollution through CSOs. The sediment modelling provided a better fit for the three largest 475 rainfall events, indicating that more research may be needed in defining how exactly the weak layer at 476 the very top of the in-sewer deposits erodes. 
